The first evidence of successful p-type doping of InN is demonstrated. A range of experimental techniques are used to show that Mg-doped InN films are composed of a p-type bulk region, with a thin n-type inversion layer at the film surface that prevents electrical contact to the bulk material. Capacitance-voltage measurements indicate a net concentration of ionized acceptors below the n-type surface layer. Irradiation with 2 MeV He + particles, which has been shown previously to introduce donor defects into InN, is used to convert the bulk of InN:Mg from p-to n-type. The conversion process is well-explained by a model that assumes two parallel conducting layers (the surface and the bulk) in the films. Further evidence for the existence of ptype bulk material is provided by the irradiation-induced recovery of the photoluminescence in InN:Mg. However, the binding energy of the Mg acceptor is still undetermined, and the presence of free holes has not been verified.
fabricate both p-type and n-type InN is essential to the realization of these devices; however, only n-type InN has been reported to date.
It is now well understood that the ability to dope a semiconductor material depends on the location of the conduction and the valence band edges relative to the Fermi level stabilization energy (E FS ), which is located 4.9 eV below the vacuum level [3] . The well-known difficulties with efficient p-type doping of GaN, AlN and ZnO are the result of the very low positions of the valence band edges with respect to E FS in these materials. For example, the maximum free hole concentration in GaN, which has its valence band edge 2.7 eV below E FS , is about 10 18 cm -3 [4] .
Since the valence band edge of InN lies 1.1 eV closer to E FS [5] , it might be expected that p-type doping of this material would be easier than p-type doping of GaN. However, p-type conductivity in InN has proven to be difficult to achieve and measure, due to the unusually low position of the conduction band edge (CBE) at 0.9 eV below E FS . The formation energy for a donor species is related to the energy difference between the Fermi level and E FS , and the formation energy is reduced when the Fermi level is below E FS [3] . Thus, native point defects in
InN are expected to act as donors, explaining the exceptional propensity for n-type doping. In addition, the surface Fermi energy in InN is found to be pinned at E FS by donor-like surface defects, which creates an n-type accumulation layer at the surface that seems unaffected by chemical or physical treatments [6, 7] . The conductivity of this surface layer has to be considered in any analysis of the electrical properties of InN samples.
In this letter we present a body of data that demonstrates p-type doping of InN with Mg acceptors. The presence of the p-type doping in the bulk of epitaxial films was revealed through a combination of experiments that isolate the effects of the n-type conductivity in the surface accumulation layer. Such techniques provide evidence of a net concentration of acceptors in the bulk, but are not able to verify the presence of free holes. Thus, the acceptor binding energy of Mg remains unknown, and it is possible that only a small fraction of the acceptors are ionized at room temperature. Still, this first indication of p-type InN to be reported is a significant step toward eventual device applications.
The Mg-doped InN films were grown by molecular-beam epitaxy on c-sapphire substrates with a roughly 200 nm-thick GaN buffer layer [8] . [9] , which also has its surface Fermi energy pinned above the conduction band edge, we formed a rectifying contact to InN using an electrolyte (0.2 -1.0 M NaOH in EDTA). The net charge concentration (N) at the edge of the depletion width was derived from the local slope of the C -2 vs. V plot by the standard equation:
4 where ε InN is the static dielectric constant of InN (a value of 10.5ε 0 was assumed [10] ), A is the area of the semiconductor-electrolyte interface, and q is the unit charge. The capacitance was measured using a high-frequency AC signal superimposed on the DC voltage (V) applied between the contacts. V was varied between -1.0 V and 0.5 V in order to approximate the change in potential with depth in the near-surface region due to the band bending. We caution that this method gives the free electron distribution rather than the donor distribution close to the surface, unlike the typical CV measurement. The donor atoms are localized on the film surface, but the electron distribution is dictated by the band bending. The voltage was related to the film depth using the standard equation for the depletion width [9] . The maximum probe depth was limited by reverse bias breakdown, and was in the range of 5 to 15 nm.
Free carrier concentration and mobility were measured by a Hall effect system with a 3000 Gauss magnet. Indium contacts were used in van der Pauw configuration. High-energy particle irradiation studies used 2 MeV He + particles to produce donor-like point defects; the process has been described elsewhere [7] . Irradiation doses ranged from 1.1x10 14 to 8.9x10
15 He + cm -2 .
Photoluminescence (PL) signals were generated in the backscattering geometry using the 515 nm line of an argon laser as the excitation source. The signals were dispersed by a one meter double-grating monochromator and detected by a liquid-nitrogen-cooled germanium photodiode. Figure 1 shows space charge concentration profiles derived from the CV measurements of Mg-doped and undoped InN. In nominally-undoped (n-type) InN, the electron concentration has a maximum near the surface and rapidly decreases deeper into the film, appearing to saturate at a value close to the bulk electron concentration measured by Hall effect. The observed surface 5 charge accumulation is consistent with Fermi level pinning at E FS [7] , as well as the intrinsic surface accumulation revealed by high-resolution electron-energy-loss spectroscopy (HREELS) [6] . Mg-doped InN has an electron accumulation layer similar to undoped films at the surface, but also, uniquely, has a charge depletion layer and then a region of negative space charge (as evidenced by a change in the sign of
) that is attributed to ionized shallow acceptors.
From the net concentration of ionized acceptors, we infer a bulk Mg doping level in the low-10 [11] . This discrepancy can be explained in terms of the band diagram of Mg-doped InN (Fig. 1 inset) . The electron inversion layer that results from the pinning of the surface Fermi energy at 0.9 eV above the conduction band edge is electrically isolated from the p-type bulk material by a depletion 6 region. Consequently, the inversion layer determines the electrical properties measured by the Hall effect. Assuming a thickness of several nm (as indicated by CV measurements), these inversion layers have electron concentrations on the order of 10 20 cm -3 . Thus, the electron mobility values in these layers are comparable to those in undoped InN films with bulk electron concentrations of this magnitude.
To further investigate the p-type activity of Mg-doped InN, we irradiated the films with 2
MeV He + particles. We have shown recently that He + irradiation can be used to predictably increase the electron concentration in InN. The irradiation introduces donor defects with energy levels in the conduction band, due to the position of E FS [7] . In undoped InN, the increase in electron concentration is proportional to the irradiation dose, and the electron mobility, which is limited by ionized defect scattering, decreases with dose [11] .
The Mg-doped samples show a strikingly different behavior, as depicted in Figs. 2 and 3.
At 2 MeV He + doses below mid-10 14 cm -2 , the rate of increase in electron concentration is much less than in undoped InN, and electron mobility remains approximately constant. At higher doses, the electron concentration increases continuously, whereas mobility shows a nonmonotonic dependence on the irradiation dose. This behavior is especially evident in sample GS1810, which has the lowest Mg content as determined by SIMS. The He + dose of 4.5x10 14 cm -2 generates sufficient donor defects to just overcompensate the electrically-active Mg acceptors and allow n-type transport throughout the film, rather than only in the surface inversion layer. At this point, Hall effect measurements first return electrical properties of the entire film. Upon further irradiation, the properties of the film are controlled by the donor defects and they become comparable to those of the undoped film.
Electron mobility remains low at the p-to n-type conversion threshold because the bulk material is heavily compensated. The mobility in GS1810 shows a distinct maximum near the dose of 1.1x10 15 He + cm -2 , which corresponds to a free electron concentration of 4x10 19 cm -3 . At this point, the electron concentration in the bulk is significantly higher than the concentration of Mg acceptors (i.e. compensation is decreased), while the concentration of ionized defects in the bulk is considerably lower than at the surface. Thus, the measured electron mobility initially increases because of the contribution of the bulk electrons, which see fewer scattering centers than the surface electrons. This maximum less pronounced in GS1547 and GS1548 since the compensation in the bulk is higher due to the larger concentration of ionized acceptors. With additional irradiation, more donor defects are introduced throughout the films and electron mobility decreases correspondingly, as in the undoped sample.
We have modeled the dependence of the electron concentration and mobility (µ) on irradiation dose in sample GS1810 (see insets, Figs. 2 and 3) . We considered parallel electron transport in the surface and bulk layers when the bulk was n-type, i.e., after overcompensation of the Mg acceptors by donor defects. We used the standard equations for computing the relative contributions of each layer to the properties determined by the Hall effect [12] :
where n represents sheet concentration (cm -2 ). Because of the Fermi level pinning at E FS at the surface, we assumed the contribution from the surface layer to be constant (2x10 14 electrons cm -2 with a mobility of 42 cm 2 /V·s) at the initial experimentally-measured values. It may be noted that these calculations are rather insensitive to the value assumed for the surface concentration.
The bulk electron mobility and free carrier concentration depended on the irradiation dose and (Fig. 4) . It is important to note that this is the dose that first produces an n-type bulk layer that is not heavily compensated. The irradiation produces an InN material with PL features analogous to those of undoped n-type InN with a moderate electron concentration. Irradiation with higher doses at first increases the PL signal;
however, at the dose 6.7x10 15 cm -2 that creates approximately 3x10 20 cm -3 electrons, the PL is quenched in a manner similar to that observed in n-type samples. Therefore, the recovery of PL requires that the radiation-induced electron concentration be larger than the acceptor concentration and smaller than roughly 3x10 20 cm -3 .
In conclusion, we have shown that the unusual electrical and optical properties of Mg- 
